Transposons are fundamental agents of genome evolution and can acquire functions independent of transposition in genomes (BRITTEN 2005; BRITTEN 2006; VOLFF 2006) . The abundance of whole-genome sequence data has greatly increased our ability to identify and characterize the complete complement of transposons within genomes, leading to a deeper understanding of the origins of transposons and their dynamic relationships within the genomes they inhabit. Transposons are classified as either RNA transposons that transpose through an RNA intermediate or as DNA transposons that transpose via a DNA intermediate (FINNEGAN 1990) .
DNA transposons in the hAT superfamily are widespread in plants and animals and include a number of active, well-studied elements such as the Ac transposon of Zea mays, the hobo transposon of Drosophila melanogaster, the Hermes transposon of the housefly Musca domestica and the Tol2 transposon of the Japanese Medaka fish, Oryzias latipes (BLACKMAN R. K. et al. 1989; KAWAKAMI and SHIMA 1999; O'BROCHTA et al. 1996) . hAT transposons are also found in mammalian genomes including humans where they are the most abundant DNA transposons, and comprise 1.55% (195 Mb) of the total genome (LANDER et al. 2001) . None of the hAT elements in the human genome however, are known to have been active during the past 50 million years (LANDER et al. 2001) . In contrast, in the genome of the little brown bat, Myotis lucifugus, there has been a marked expansion of DNA transposons with hAT transposons being the most abundant and recent component of this expansion (RAY et al. 2008) . No active hAT transposons have been recovered from the genome of M. lucifugus, but the abundance of these and other DNA transposons, indicates that some mammals have retained the ability to support high DNA transposon activity (RAY et al. 2008) .
SPIN (Space Invaders) transposons are hAT transposons that have been found in opossum, bushbaby, tenrec and little brown bat as well as in the African clawed frog, the green anole lizard, murine rodents, and a triatomid bug (GILBERT et al. 2010; PACE et al. 2008) . In contrast SPIN transposons are absent from cats, dogs, cattle, armadillo, treeshrew and humans (PACE et al. 2008) . Their discontinuous distribution combined with their sequence conservation and abundance in some species has led to the hypothesis that SPIN transposons have been repeatedly horizontally transferred within deuterostomes however, as yet, no active native SPIN transposon has been found, nor has the likely vector of these horizontal transfers been identified although host-parasite relationships have been invoked as possible platforms for enabling this to occur (GILBERT et al. 2010; PACE et al. 2008) . We show here that SPINs are closely related to likely exapted and highly conserved proteins present in some mammalian species.
The hAT superfamily of DNA transposons also provides a number of examples of elements being exapted to essential functions within the host genome, a process sometimes referred to as domestication. Sinzelle et al. (2009) list ten examples of domesticated hAT transposons with eight of these retaining both their DNA binding and catalytic domains. These include the DAYSLEEPER gene from Arabidopsis thaliana, the GARY genes from cereal grasses, the DREF gene from D. melanogaster, the GON-14
and LIN-15B genes of Caenorhabditis elegans and the TRAMP and Buster genes from Homo sapiens (SINZELLE et al. 2009 ). Feschottte and Pritham (2007) list eleven examples of hAT transposon domestication with three of these possibly also involving the co-domestication of P element-like sequences. hAT transposon sequences are present in the human genome with the Charlie/MER1 hAT elements accounting for approximately 90% of hAT sequences, however an active hAT transposase consensus sequence for these has not been clearly identified suggesting that these may be inactive, 'dead' transposons. (LANDER et al. 2001; SMIT and RIGGS 1996) . Similarities in the mechanism of excision and the generation of circular DNA products, or episomes, between the Hermes hAT transposase and the human RAG1 recombinase indicate that both share a common mechanism of transposition (O'BROCHTA et al. 2009; ZHOU et al. 2004) . However, comparisons of the primary structures of the RAG1 transposase with all eukaryotic transposases suggests that these are more closely related to the Transib transposases (KAPITONOV and JURKA 2005; O'BROCHTA et al. 2009; ZHOU et al. 2004) .
hAT transposons and related domesticated sequences are thus a very large superfamily both in their diversity and in their absolute numbers and there is an increasing interest in the role that this superfamily has played in the evolution of the plant and animal kingdoms. A handful of different active members of this superfamily have been discovered, indeed Ac, the first transposon to be identified, is a hAT transposon discovered by McClintock on the basis of its mutagenic ability in maize. . Much remains to be learned about the activity and regulation of hAT elements, particularly when active forms are introduced into new hosts.
Employing a bioinformatic methodology that was previously successful in identifying the active Herves hAT transposon from the mosquito Anopheles gambiae (ARENSBURGER et al. 2005) , we sought to determine whether new active hAT transposons were present in two recently sequenced insect genomes -those of the mosquito Aedes aegypti and the red flour beetle, Tribolium castaneum (NENE et al. 2007; RICHARDS et al. 2008) . We identified two new active hAT transposons, AeBuster1 from Ae. aegypti and TcBuster from T. castaneum. Sequence comparison with existing hAT transposons and hAT-like sequences showed that both were surprisingly closely related to the Buster genes of deuterostomes yet were clearly active transposons. We demonstrate that both AeBuster1 and TcBuster are active in interplasmid transposition assays performed in D.
melangaster and Ae. aegypti embryos. Transposition of these transposons into target DNA generates 8 bp target site duplications as is true of other hAT elements but with a consensus sequence consistently different to those generated by the Hermes and hobo transposons. These are the first Buster transposons shown to be active.
The activity of both AeBuster1 and TcBuster led us to re-examine the hAT transposon superfamily phylogeny. Previous studies have focused only on those transposons and sequences closely related to the Ac, hobo, Tol2 and Hermes elements and concluded that, while there was evidence that this superfamily is very ancient, the grouping of these elements into clusters consistent with the evolution of their hosts suggested that horizontal transfer had not played a role in their evolution (KEMPKEN and WINDHOFER 2001; RUBIN et al. 2001; SIMMONS 1992) . However a more recent analysis of hAT elements detected in 12 Drosophila species concluded that four clades (or families) of hAT elements could be identified (ORTIZ and LORETO 2009) . Furthermore, this phylogeny was not completely congruent with the phylogeny of the host species, indicating a possible role for horizontal transfer in the distribution of some of these hAT transposons, a possibility that was originally conceived when the distribution of hobo elements was first analyzed by DNA sequencing (ORTIZ and LORETO 2009) . We find that, based on the primary sequence of their transposases, the hAT superfamily is comprised of at least two families that we classify as the Ac family and the Buster family named after the first elements identified in each. The structural distinction between the Ac and Buster families is further supported by the functional difference in target site selection of members of each upon insertion into target DNA. We find that the recently discovered SPIN elements are members of the Buster family.
MATERIALS AND METHODS

Discovery of novel transposable elements and mammalian exapted genes:
We refined the bioinformatic methods previously used to identify the active Herves hAT element from the mosquito Anopheles gambiae (ARENSBURGER et al. 2005) . In brief, whole genome sequences from Ae. aegypti (Liverpool) and T. castaneum (Georgia 2) were searched for regions showing similarity to known hAT transposase sequences (transposase sequences collected from the following databases: Repbase http://www.girinst.org/, Tefam http://tefam.biochem.vt.edu/tefam/, and NCBI http://www.ncbi.nih.gov), using the TBLASTN program (cutoff value E < 10 -4 ) (NENE et al. 2007; RICHARDS et al. 2008) . Coordinates of all identified regions were used as input for a set of custom written PERL scripts for further analysis. These scripts searched each coordinate region and surrounding sequences for nucleotide regions with the following characteristics: 1) presence of an intact ORF, 2) 8 bp target site duplications (TSDs), 3)
terminal inverted repeats (TIRs) greater or equal to 10 bp in size immediately adjacent and internal to the TSDs, and 4) the same transposon flanked by different TSDs in the genome and so most likely present at multiple loci. The output of these scripts was manually reviewed. Scripts are available upon request.
In the course of this search a surprising similarity was observed between the AeBuster1
and TcBuster transposase sequences and translated regions of the human genome. These similarities were further investigated using various BLAST programs, leading to the discovery of four putative exapted mammalian genes (described below).
Consensus TSD sequences:
Target site sequence preferences of 299 putatively fulllength hAT transposons were examined, using the following criteria for inclusion into the analysis. The Repbase database was queried for all hAT repeat class entries that had a predicted transposase sequence and belonged to a species with an available whole genome sequence; this resulted in the inclusion of 273 elements (Table S1 ). Two additional SPIN elements not included in Repbase but previously described were also added (PACE et al. 2008) . A total of 24 additional transposons discovered during the course of this analysis were also included.
All potential 8 bp TSD sequences were identified by repeating the following steps for each transposon. First, the genome of origin was searched using the BLAST algorithm (cutoff value E < 10 -4 ) for any region that matched the first 50 bp of the transposon. The genome was then searched again for matches to the last 50 bp of the transposon using the same method. Second, using these matching regions, the 8 bp immediately adjacent and outside of the transposon sequence were identified and stored. Third, to prevent overrepresentation of elements that were likely duplicated through a non-transposase mediated mechanism, any duplicate 8 bp sequence was removed, leaving only a single representative sequence for each potential TSD. Finally, a 50% consensus sequence was generated.
Sequence selection, alignment, and phylogenetic analysis: Three amino acid transposase sequence datasets were created and used for phylogenetic analysis. The first database consisted of 50 transposons selected (based on a survey of prior publications) to represent the phylogenetic diversity of the hAT superfamilly. Emphasis for selection was placed on full-length and potentially active transposons rather than on consensus sequences. The number of taxa included in this dataset was limited to allow more indepth phylogenetic analysis (see below). A second database of 78 sequences included the 50 previously identified sequences as well as the amino acid sequences of 28 exapted genes with known sequence similarity to hAT transposons (Table S2 ). These exapted gene sequences were identified from the literature and as part of this study (see below).
The third database of 192 transposase sequences was created by using the transposons used for the consensus TSD analysis (see above), selecting those sequences that had at least ten unique TSD sequences identified.
The 50-sequence dataset was aligned using the program M-Coffee which computes a consensus alignment from several multiple sequence alignment programs (PCMA, mafft, clustalw, dialign, poa, muscle, probsons, and T-Coffee) (MORETTI et al. 2007 ). The remaining two data sets were aligned using the multiple sequence alignment program TCoffee (NOTREDAME 2010). Furthermore, this 50-sequence dataset was used as input for the program ProtTest (ABASCAL et al. 2005) to identify the best suited amino acid substitution matrix for this data which was WAG (WHELAN and GOLDMAN 2001) with among site rate variation accommodated by a gamma shape parameter and invariant sites.
Based on these results, two phylogenetic trees were created using this dataset and amino acid substitution matrix: 1) a tree based on the maximum likelihood optimality criterion using the program TREE-PUZZLE v. 5.2 (SCHMIDT et al. 2002) , and 2) a tree based on a Bayesian estimation of phylogeny using the program MRBAYES (RONQUIST and HUELSENBECK 2003) . Phylogenetic trees of the other two datasets were constructed using the program FastTree2 using default parameters (PRICE et al. 2010 ).
Clones and plasmids:
pBSAeBusterLR: AeBuster1 was amplified in sections from Ae. aegypti (Orlando). Genomic DNA was purified using a Wizard Genomic DNA Kit (Promega), and 360ng of DNA was used as template in 50 µl PCR reactions using a TripleMaster PCR System (Eppendorf). The pGT-AeBusterL2 clone was made by PCR amplification using primers that encompassed the region from the TSD of one copy of AeBuster1 to the pGEMT-AeBuster clone 9 ORF was digested with EcoRV (NEB) and cloned into the SmaI site of pKhsp70 to make the helper pKhsp70AeBuster1.
pBADAeBuster1: pBAD/Myc-His A (Invitrogen) digested with NcoI and ApaI (NEB) was ligated to a PCR product (digested with NcoI and ApaI) amplified as above using pGEMT-AeBuster clone 9 ORF as the template. The primers used were AeBuster coli F: 5'-GATCCATGGATAAATGGTTGTTGAAGAAGCCC-3' and AeBuster coli R:
(AATGGGCCCGTGTGATGGATGGCTTTGCTTG). The same PCR program was used as for the ORF amplification described above. Purification of the His-tagged AeBuster1 transposase was performed using the same protocol as described for the His-tagged
Hermes transposase (ZHOU et al. 2004) .
pBSTcBuster LR1 and pBSTcBusterLR2: TcBuster was amplified from T. The right end of TcBuster1 was amplified in a similar manner using the primers TcBuster1 R1 for (GATTCTAGACCAAAGCACGGGCTCACCTTGTTC) or TcBuster1
R2 for (GATTCTAGACAACTGATCCATCCCGATATTGATAATTTGTGC) and
TcBuster1 R rev (AATGAGCTCGTATAAGCAGTGTTTTCAACCTTTGCCATCC), using the PCR program described above. The R1 end contained only 145bp of the transposon, while the R2 end contained 313 bp of transposon, and included some ORF sequence. Following amplification the PCR products were purified, digested with SacI To select for transformed DH10 cells with recombinant plasmids resulting from transposition electroporated cells were plated on LB plates containing gentamycin (7 ug/ml) and chloramphenicol (10 ug/ml). After 3 days incubation at 37 o C, resistant colonies were picked and grown in LB media containing only gentamycin. Plasmid DNA was purified from these cells using the Wizard Plus miniprep kit (Promega). The presence of a recombinant plasmid arising from transposition was verified by digesting the plasmid DNA with EcoRV to check for a diagnostic pattern of bands (1.1, 1.5, and 3.2 kb). Plasmids passing this initial test were confirmed as transposition events by DNA sequencing.
Alternatively, AeBuster1 excision assays were performed on plasmids recovered from transposition assays performed in Ae. aegypti embryos. Recovered plasmid DNA was digested with EcoRV and the resulting DNA was used to transform DH10 cells by electroporation followed by selection on LB plates containing ampicillin and X-gal (20 mg/liter). Because EcoRV only cuts within the AeBuster1 donor element, plasmids arising as a result of excision are resistant to EcoRV linearization. Uncut excision products efficiently transform E. coli while linearized donor plasmids do not. Putative excision events were confirmed by restriction digestion and DNA sequencing.
Ampicillin R , LacZ -colonies were selected, mapped and then sequenced across the empty excision site using the primers: 5'-CGTCCCATTCGCCATTCAGG-3'.
Cell-free transposition reactions:
The methods used here are essentially identical to those described for a number of other elements (ZHOU et al. 2004 ). Short (40 bp recently were, mobile in their host organism. A second tree using the same transposase sequences but using an optimality criterion based on Bayesian inference rather than maximum likelihood was consistent with the tree shown in Figure 1 (The Bayesian tree show in Figure S1 ). The relationship between these hAT transposases and known related exapted genes is also shown (FESCHOTTE and PRITHAM 2007; SINZELLE et al. 2009) ( Figure S2 ).
The majority of the amino acid sequence variation contributing to this distribution was found to reside in two domains of these transposases. We used the crystal structure of the Hermes transposase and T-coffee alignments of hAT and Buster transposases to re-examine the domain structure of these transposases ( Figure S3 ). We found that both To determine if this difference in target site selection was conserved between other members of the Ac and Buster families we extracted 273 hAT sequences from RepBase using the criteria described in MATERIALS AND METHODS and combined them with two recently described SPINs (these two additional SPINs were not deposited into RepBase) and 24 hAT sequences from the current study and examined their flanking TSDs (Table S1 ). Those hAT sequences that were annotated with a transposase sequence in RepBase or for which the transposase sequence was known (192 hAT sequences) were used to construct a more extensive tree and the distribution of the two types of TSDs assigned to each sequence ( Figure S5 ). In this tree members of the Buster family were found within a single clade as was expected from our previous results. Furthermore, (Table 1A & B) . As expected for hAT transposons, an 8 bp TSD was generated upon integration (Table 2 A, B and C) and, as seen when the endogenous TSDs of these transposons were sequenced, these Busters generated a TSD consensus sequence of 5' nnnTAnnn 3' which differs from TSDs generated by the Ac family members (Figure 3 ). The frequencies of transposition of both transposons in these two insects was within the same order of magnitude recorded for Hermes in both species (SARKAR et al. 1997a; SARKAR et al. 1997b ).
The AeBuster1 transposase was His-tagged and purified from E. coli using protocols developed for the related Hermes transposase (ZHOU et al. 2004 ). This 
Conservation of Buster genes in mammals:
The Buster family consists of both active transposons and very similar transposase-like sequences that have lost their TIRs, are highly conserved across species both in sequence and genomic location, and so appear to be important domesticated, or exapted, genes. As shown in Tables S3A & B (Tables S3A & B) .
The Buster2, 3 and 4 sequences are present in many eutherian species and are also highly conserved (Tables S3A & B; Table S4 ). They are all found in humans, chimps, rhesus monkeys, dogs and cattle with Busters 2 and 3 previously being identified in humans (SMIT 1999) . Buster3, also found in horses, is as conserved amongst these species as is Buster1, however its DDE motif has been replaced by ADE that most likely renders it incapable of transposase-like catalytic activity. Buster2 is also present in these four species and, in rats and mice, it is part of a fusion with a long N terminal region with its own additional zinc finger motif. Rodent Buster2 is highly conserved and is found in
Rattus and Mus EST libraries. In humans, chimps, dogs and cattle this additional N terminal domain is present at the Buster2 locus and conceptual translations indicate that the same protein could be synthesized in these species. The annotation of Buster 4 in the human genome shows that it also contains an additional long N terminal domain that contains a leucine-rich domain and an integrase domain. This has previously been deposited into Genbank as a SCAN domain containing protein 3 (NP_443155.1|) the carboxy end of which being identical to the Charlie 10 hAT element.
DISCUSSION
We have presented phylogenetic and integration site analyses that support the hypothesis that the hAT superfamily is comprised of two distinct families of transposons.
Previous analyses of hAT transposon phylogeny focused only on transposons within what
we now define as the Ac branch of the hAT element superfamily (KEMPKEN and WINDHOFER 2001; RUBIN et al. 2001) . The members of this branch known to be active are Ac, Tam3, hobo, Hermes, Herves and Tol2 with all also being active in new host species (ARENSBURGER et al. 2005; EVERTTS et al. 2007; HARING et al. 1991; KAWAKAMAI and NODA 2004; MARTIN et al. 1989; O'BROCHTA et al. 1994; SARKAR et al. 1997a) Our data show that members of the Buster family, which include the recently discovered SPIN transposons, are in fact capable of transposition upon introduction to new host species. Our data also illustrate the strong conservation of several The breadth, yet discontinuity, in the distribution of Buster family sequences across vertebrates and invertebrates is intriguing (Figure 1) . In cases where domestication has occurred in the mammals, the Buster sequences can be highly conserved (Tables S3A   &B, Table S4 ). As noted by Pace et al. (2008) , the SPIN transposons are also highly conserved among vertebrates as well as with an insect species, leading these authors to propose that they have been horizontally transferred between species (GILBERT et al.
2010). Given this hypothesis of horizonatal transfer of SPIN transposons between
mammals, it is possible that the related Buster transposons may also be capable of transposition in vertebrates, including humans.
AeBuster1 is the first active DNA transposon to be isolated from the human disease vector mosquito Ae. aegypti. TcBuster is also an active transposon yet appears to be present in the sequenced T. castaneum genome only once. Given its activity in D.
melanogaster, and Ae. aegypti, this suggests that TcBuster may be a new introduction into T. castaneum or, alternatively, it has been subjected to fairly efficient negative regulation in this beetle. Ae. aegypti, not targeted by Hermes (SARKAR et al. 1997a; SARKAR et al. 1997b ).
Comparison of the TSDs generated by
AeBuster1 and TcBuster therefore display a markedly different target site preference from the Hermes transposon and other members of the Ac family.
The structural basis for this difference in TSD preference is not known but it is reasonable to speculate that this consistent difference between members of the Ac and
Buster families resides in an as yet unidentified region of the transposase that recognizes target DNA. The structure of the Hermes transposase reveals two DNA binding domains which, based on secondary structure alignments, are also present in the two active Buster transposases although it is not known if either plays a role in target site recognition. Numerous amino acid differences exist between these regions. The difference in TSDs between the two active Buster transposases and the active members of the Ac family provides a means by which the target site recognition sequence could be clearly identified through mutagenesis followed by assays which would reveal a change in TSD consensus from the nTnnnnAn form to the nnnTAnnn form or vice versa.
There are clear similarities between the TSDs generated by AeBuster1 and TcBuster and those surrounding a subset of hAT-like MER1 elements previously identified in the human genome (SMIT and RIGGS 1996) . More recently, the insertion site preferences of vertebrates and invertebrates, offers one conceivable route of horizontal transfer of these transposons and may, in part, explain the distribution of these transposons and domesticated sequences that is emerging. As such the ability to modify and exquisitely control their activity and target site specificity should enable them to be become efficient genetic tools in medical and agricultural applications. 
